The rate constants for the reaction of three isomeric pyridine mono-carbocylic acid N-oxides with diazodiphenylmethane were determined at 30 ºC in thirty two protic and aprotic solvents by the well known UV spectrophotometric method. The rate constants are generally higher than for pyridine mono-carboxylic acids in a similar range of solvents, except for picolinic acid N-oxide, and also higher in protic than in aprotic solvents. The determined rate constants were correlated with solvent parameters using the Kamlet-Taft solvatochromic equation by means of multiple regression analysis. The sign of the equation coefficients were in agreement with the postulated reaction mechanism. The mode of the influences of the solvent is discussed on the basis of the correlation coefficients, taking into account the specific structures of the pyridine mono-carboxylic acid N-oxides.
INTRODUCTION
In a previous paper, Part I in this series, 1 an investigation of the reactivity of three isomeric pyridine mono-carboxylic acids with diazodiphenylmethane (DDM) in twenty aprotic solvents was presented. Together with the results of a previously published study of the reactivity of the same acids in eleven alcohols, 2 the rate constants from both series were used to analyse the solvation energy relationship (LSER) by the Kamlet-Taft equation:
log k = log k 0 + sp * + aa + bb
The general conclusion was that the reactivity is highly dependent on the relative positions of the ring nitrogen and the carboxylic group, which was also observed at the very beginning of the study of heterocyclic carboxylic acids in their reaction with ethanol, 3 but the order of reactivity was reversed in some of the solvents, particularly in aprotic ones. Although a large number of solvent-solute interactions could have been considered, it was concluded that the diverse solvent effects could be generally quantified by the use of the Kamlet-Taft equation. However, it was difficult to separate the contribution of particular solvent effects in the initial and transition states, due to the variety of polar and steric interactions in the course of the reaction.
In the present work, the rate constants of three isomeric pyridine mono-carboxylic acid N-oxides ( Fig. 1 ) in their reaction with DDM were determined in twenty one aprotic solvents. An initial difficulty was the low solubility of the investigated acids in aprotic solvents, due to the high polarity of the N-oxide nuclei. Also a strong intramolecular hydrogen bond in picolinic acid N-oxide complicated the direct comparison of the corresponding rate constants with the results for the two other acid N-oxides. The processing of the kinetic data was performed using the Kamlet-Taft solvatochromic equation in its two-parameter form (Eq. (1)), very much in the same way as in Part I of this study. 1 Generally, the solvent effects are more pronounced in the N-oxide series than in the previously studied carboxylic acid series, due to the higher polarizability of the corresponding molecules.
EXPERIMENTAL
The rate constants for the reaction of isomeric pyridine monocarboxylic acid N-oxides with DDM were determined using the spectrophotometric method originally developed by Roberts 4, 5 and subsequently extensively used for structure activity relationships, also in our previous investigations. [1] [2] [3] 6, 7 The reactions were performed at 30 ºC, using a DDM concentration of 0.06 mol/dm 3 , which is the most suitable for the spectrophotometric determination of pseudo-first order or second order processes. The spectrometer used was a Shimadzu UV-160A. The acids were commercial products from Fluka. DDM was synthesized by the Smith and Howard method. 8 
RESULTS AND DISCUSSION
A kinetic study and discussion of the different influences of protic and aprotic solvents on the reaction rates of pyridine mono-carboxylic acid N-oxides with DDM was the objective of this work. Comparison of the kinetic data from this study with the kinetic data for benzoic acid under the same reaction condition, and also an overall comparative analysis with the reactivity of pyridine mono-carboxylic acids 1 are included in the discussion about the significance of the position of the pyridine nitrogen N-oxide group.
The mechanism of the reaction between carboxylic acids and DDM has been thoroughly studied by Roberts, 4,5 Kamlet, 9 Chapman, 10-20 Bowden, 21 and the spectrophotometric method and kinetic approaches were developed. The influence of protic solvents on the reaction involving isomeric pyridine and the corresponding N-oxide carboxylic acids, 2 6-substituted pyridine carboxylic acids, 6 isomeric 3-and 4-pyridine acetic acids and the corresponding N-oxide derivatives 7 have been thoroughly investigated in their reaction with DDM. No similar study has hitherto been exclusively devoted to pyridine carboxylic acids N-oxides in aprotic solvents.
The mechanism of the reaction in both protic and aprotic solvents was found to involve a rate-determining proton transfer from the acid to DDM, forming a diphenylmethanediazonium carboxylate ion-pair. 14, 15, 18, 22, 23 
The rate constants for all three isomeric pyridine mono-carboxylic acid N-oxides determined in the present study are given in Table I , together with the results of a previous study of these acids in protic solvents taken from the literature. 2 The kinetic data show (Table I ) that the rate constants increase with increasing polarity of the solvent. The values of the reaction constants in protic and aprotic solvents indicate a slower reaction in aprotic solvents than in protic ones, which is in accordance with the proposed reaction mechanism.
Kamlet et al. 9 established that the solvent effect on the reaction rate should be given in terms of the following properties: (i) the behavior of the solvent as a dielectric, facilitating the separation of opposite charges in the transition state (ii) the ability of the solvent to donate a proton in a solvent-to-solute hydrogen bond and thus stabilize the carboxylate anion in the transition state (iii) the ability of the solvent to stabilize the proton of the carboxylic acid in initial state by donating an ion pair. The parameter p* is a suitable measure of the first property, while the second and third properties are governed by the effects of the solvent acidity and basicity, expressed quantitatively by parameters a and b. The solvent parameters (p*, a and b) for the hydrogen bond donor and non-hydrogen bond donor solvents, (Eq. (1)), are taken from the literature. 24, 25 The results of multiple linear regression correlation for isomeric pyridine carboxylic acid N-oxides were compared with the results for benzoic acid, and, finally, an overall comparison was made, including the correlation results from a previous study. 1 The discussion is based on the quantitative values and the sign of the coefficients in the corresponding equations. As in pyridine mono-carboxylic acids, a possible mode of influence of the solvents on the reactivity of the investigated acids can be observed, in which the solvent acts on the two sites in the initial (Fig. 2) and also in the transition state (Eq. (2)) of the pyridine carboxylic acid N-oxide molecules.
Electrophilic solvation of the oxygen atom of the N-oxide group can not be neglected, particularly for the protic solvents, and for those aprotic solvents which possess partially acidic character (a ¹ 0). This means, as it was concluded in a previous paper, 1 that electrophilic solvation does not uniquely affect the reaction rate in the transition state. Instead, this effect can be operative both in the initial and in the transition states through the solvation of the oxygen atom of the N-oxide group, contributing thus to the values of the coefficient a. The same observation is valid for classic and nucleophilic solvation, but these effects are less complex than electrophilic solvation.
An important fact included in the discussion about the differences between the electronic effects of the pyridine and pyridine N-oxide group is the strength of the negative inductive and resonance effect of these groups, as well as the positive resonance effect of the N-oxide group, which has a large influence on the reactivity of the acids in the N-oxide series. Also, in picolinic acid N-oxide, a possible steric arrangement, due to the vicinity of the N-oxide and the carboxylic group, creates a stable six-membered intramolecular hydrogen bond in the initial state, which significantly affects the reactivity of this acid.
Protic solvents
The kinetic data for nicotinic acid N-oxide from Table I have been correlated with the solvent parameters for protic solvents, 24, 25 giving the following result:
All the coefficients are in agreement with the reaction mechanism of the investigated reaction but not all of them are statistically correct. The negative value of the coefficient b indicates that nucleophilic solvation decreases the reaction rate, which corroborates the established reation mechanism. However, this coefficient is disputable, making three-parameters equation useless for the interpretation of kinetic data, because of the statistical deficiency of the parameters used. Therefore, the best interpretation of the solvent effects for protic solvents are described by a system of simplified two-parameters equation of the following type: log k 2 = (0.14 ± 0.14) + (1.20 ± 0.18) p* + (0.72 ± 0.15) a R = 0.950 SD = 0.10 n = 11
The results of the above correlations also corroborate the reaction mechanism, and the influence of the solvent by the effects of classic and electrophilic solvation, the HBD effect, which have the effect of increasing the reaction rate, the transition state being more stabilized than the initial state (positive sign of the coefficients s and a).
Comparison of the above correlation (Eq. 4) for nicotinic acid N-oxide to the correlation for benzoic acid (the values of the kinetic data were taken from the literature 26 ),
by calculation of the percent contribution 27 of the individual solvent effects, indicates the significance of the following effects: for nicotinic acid N-oxide, the classic solvation (p*) is 62.5 % and HBD effect (a) is 37.5 %, while for benzoic acid they are 20.6 % and 79.4 %, respectively. The effect of electrophilic solvation is the main effect influencing the reaction rate of benzoic acid. The large difference in the percent contributions for the two acids can be explained by the significant increase of the classical solvation of nicotinic acid N-oxide, due to its more polarizable transition state. This is caused by the strong negative inductive and resonance effect of the pyridine N-oxide group. The same procedure was performed for isonicotinic acid N-oxide:
The higher positive value of the coefficient s compared to the coefficient a in equation (6) indicates that classic solvation in the transition state is the main solvent effect influencing the reactivity of this acid. The transition state is more stabilized than the initial state, more polar solvents lead to an increase in the reaction rate. Percent contributions of the individual solvent effect are 64 % for classic solvation and 36 % for electrophilic solvation.
The correlation of the kinetic data of picolinic acid N-oxide determined in protic solvents with the corresponding parameters p* and a gave the following result:
Analysis of equation (7) indicates that classical solvation is the dominant factor influencing the reaction rate and the positive sign of the coefficient s indicates better solvation of the transition state than of the initial state. The positive value of the coefficient a indicates stabilization of the transition state by the HBD solvent effect, through stabilization of the emerging carboxylate anion. The percent contributions of the solvent effects for picolinic acid N-oxide are 72.6 % for classic solvation and 27.4 % for electrophilic solvation.
A summary of the correlation results for all three acids in protic solvents is given in Table II , which includes the correlation results for pyridine mono-carboxylic acids in the same solvents from a previous study. 1 The highest contribution of electrophilic solvation in the transition state appears to be for benzoic acid. According to this result, it follows that the stabilization of the negative charge at the pyridine nitrogen, by the HBD solvent effect, increases the stabilization of the forming carboxylate anion but decreases the reaction rate of all pyridine mono-carboxylic acids and their corresponding N-oxides. It is evident that the same solvent effect decreases the nucleophilicity of the carboxylate anion for attack at the diazodiphenylmethane carbocation. Classic solvation is the more important solvent effect for all the isomeric pyridine carboxylic acids and the corresponding N-oxides because the structure of these acids is more polarizable, being the most pronounced for picolinic acid N-oxide. This is probably the result of electrostatic repulsion of the negatively charged carboxylate anion and the N-oxide group (Fig. 4b) , preventing a direct electronic interaction of the N-oxide group with the carboxylic group. Non-planarity of the carboxylate anion of the picolinic acid N-oxide molecule in the transition state causes the more distinct dipolar structure being subjected to a larger influence of the solvent as a dielectric.
Aprotic solvents
The same approach as for protic solvents was utilized for the kinetic results for nicotinic acid N-oxide in aprotic solvents (Table I) 
The above result indicates that the influence of the solvent on the reaction rate is mainly caused by the strong basic character of the aprotic solvent molecules, which is reflected in the high values of the coefficient b (Table III) . Nucleophilic solvation, basicity of the aprotic solvent, decrease the reaction rates of the investigated acid. The percent contribution of the individual solvent effects for nicotinic acid N-oxide is 16 % for classical solvation, 12 % for electrophilic solvation and 72 % for nucleophilic solvation. With this acid, the HBD solvent effect and classical solvation also increase the reaction rate.
One equation which includes all three solvent parameters in the correlation for benzoic acid for solvents which allegedly do not possess HBD character has been reported in the literature: 28 log k 2 = 0.20 + 1.21 p* + 2.71 a -3.70 b R = 0.980 SD = 0.171 n = 44
The percent contributions of individual solvent effects calculated from equation (9) are: p* = 16 %; a = 35 %; b = 49 %. A comparison of these results with those for nicotinic acid N-oxide (Eq. 8) leads to the conclusion that the electrophilic solvation is significantly more pronounced for benzoic acid, while the nucleophilic solvation is significantly more pronounced for benzoic acid, while the nucleophilic solvation, respectively the HBA solvent effect, is more pronounced for nicotinic acid N-oxide. For both acids, the basicity of the aprotic solvent, or the nucleophilic solvation of the initial state of the molecules, which decrease the reaction rate, are the main factors affecting their reactivity. This effect is more pronounced in the correlation for nicotinic acid N-oxide because of its higher acidity.
The correlation of log k for isonicotinic acid N-oxide with the solvent parameters p*, a and b for aprotic solvents gave the following results: The classic and electrophilic solvation increases the reaction rate of this acid, while the nucleophilic solvation of the initial state decreases the reaction rate. The percent contribution of the individual solvent parameters are: 34 % for classical solvation, 13 % for electrophilic solvation and 53 % for nucleophilic solvation.
Large differences can be noticed between the values of the percent contribution of the coefficients b and s for isonicotinic and nicotinic acid N-oxides (Table  III) . A higher acidity of the isonicotinic acid N-oxide was to be expected, and, consequently, a higher value of the coefficient b, because of the strong negative inductive and resonance effects of the N-oxide group. This was not experimentally established (Tables I and III) , which is undoubtedly due to the positive resonance effect of the N-oxide group, which increases the electron density in the pyridine ring and, in this way, decreases the acidity of the isonicotinic acid N-oxide, as is presented in Fig. 3a . The higher contribution of this effect causes a smaller contribution of nucleophilic solvation (lower value of percent contribution of coefficient b). In the transition state of isonicotinic acid N-oxide, this mode of resonance inter-action is diminished (Fig. 3b) which results in an anion with a more polarizable structure, which is more susceptible to a larger influence of the dipolar structure of the solvent (higher value of the percent contribution of coefficient s):
As can be seen from the presented mesomeric structures of isonicotinic acid N-oxide (Fig. 3) , an electron donating resonance effect, acting in the opposite direction to the negative inductive and resonance effect, is transmitted directly to the reaction center, thus causing a decrease in the reaction rate. The same phenomenon is valid for nicotinic acid N-oxide, but the electron-donating effect of the N-oxide group is not directly transmitted to the reaction center, a fact reflected in a higher value of the percent contribution of coefficient b.
Kinetic data for nicotinic and isonicotinic acids N-oxides in aprotic solvents (Table I) show interesting results as the rate constants strongly depend on effects of aprotic solvents, which is reflected in the value of coefficient b. The values of the percent contribution of electrophilic solvation by the solvent in the transition state for nicotinic and isonicotinic acids N-oxides are almost the same, indicating a similar possibility of the solvent to stabilize the carboxylate anion in forming and the negative end of the N-oxide group in the initial and transition states.
In a previous paper, 1 the correlation results showed that the values of the percent contribution of the coefficients s, a and b for nicotinic and isonicotinic acids were similar, meaning that the larger differences in the corresponding values for nicotinic and isonicotinic acids N-oxides arise, basically, from the positive resonance effect of the N-oxide group.
Correlation of the kinetic data for picolinic acid N-oxide with the parameters p*, a and b for aprotic solvent gives the following result:
The high negative value of coefficient b shows that the HBA solvent effect, namely the nucleophilic solvation of the initial state, is important, but less significant than the effect of classic solvation. This is opposed to the results for picolinic acid, 1 where nucleophilic solvation is the main effect. Also the negative sign of the coefficient a indicates a better electrophilic solvation of the initial state of this acid. The positive sign and high value of the coefficients s indicate that classic solvation is the most important solvent effect, influencing an increasing in reaction rate. The calculations of the percent contribution of a particular solvent effect gives the following results: p* = 48 %; a = 14 %; b = 38 %. A summary of the correlation results for all the acids in aprotic solvents is given in Table III , which includes the results of the correlations for pyridine mono-carboxylic acids from a previous study. 1 The values of the percent contributions of the HBD effect of aprotic solvents from Table III are similar, indicating a weak solvation of the transition state of all the three pyridine carboxylic acid N-oxides. It is attributed to the joint effect of the electrophilic solvation of the carboxylate anion and the oxygen of the N-oxide group in the transition and initial states, giving small overall solvations by the HBD solvent effect. The highest value of the percent contribution of coefficient a was found for picolinic acid. The carboxylate anion of picolinic acid in the transition state is close to the pyridine nitrogen, causing, to some extent, a repulsion between the identical negative charges and thereby, to some extent, a perpendicular position of the plane of carboxylate anion with respect to the pyridine ring. Therefore, the carboxylate anion is better subjected to electrophilic solvation by the solvent (Fig.  4a) . The same phenomenon could be expected for picolinic acid N-oxide in the transition state of this acid, but the steric and electrostatic repulsion between the carboxylate anion and the N-oxide group oxygen is more pronounced (Fig. 4b) , probably causing a higher percent of perpendicular orientation of the carboxylate anion with respect to the N-oxide group. The higher value of coefficient a is in accordance with this observation. Oppositely, the low and negative value of this coefficient indicates that the initial state is better solvated by HBD solvent effects than the transition state. This is probably caused by a significant transfer of the carboxylic proton to the oxygen atom of N-oxide group, thus creating, to some extent, a carboxylate anion in the initial state (Fig. 5) . The highest percent contribution of the HBD solvent effect was observed for benzoic acid, being probably influenced by an exclusive stabilization of the carboxylate ion, when there is no sta-bilization of the negative charge on the pyridine nitrogen or no N-oxide oxygen exists, as is the case for pyridine carboxylic acids and the corresponding N-oxides.
In the series of pyridine mono-carboxylic acids, 1 classic solvation (p*) is a more pronounced solvent effect for nicotinic acid, but the values of the percent contribution of coefficient s are very similar. This is probably due to the nicotinic acid molecule having a somewhat more dipolar structure than those of other two pyridine mono-carboxylic acids. In the series of pyridine carboxylic acid N-oxides, on the other hand, nicotinic acid has the lowest value of s, probably because of the positive resonance effect of the N-oxide group, which strongly decreases the polarization of the pyridine N-oxide ring as a whole. The high value of the coefficient s for picolinic acid N-oxide derives from the strong repulsion between the negative charge of the carboxylate anion and the oxygen of the N-oxide group, causing a distinct polarization at the pyridine N-oxide ring (Fig. 4b) in the transition state.
Picolinic acid in the series of pyridine carboxylic acids has the smallest value of the percent contribution of the HBA solvent effect, as established in previous paper. 1 This could be explained by the ability of picolinic acid to create a weak intramolecular hydrogen bond in the initial state, which decreases the influence of the HBA solvent effect. In the pyridine N-oxide series, nicotinic acid N-oxide has the highest percent contribution of coefficient b while it is significantly decrased for isonicotinic acid N-oxide, and picolinic acid N-oxide has the lowest value of all six acids. As a weak intramolecular hydrogen bond is created within the picolinic acid molecule, 1 from the values of the percent contribution of the coefficient b for picolinic acid and picolinic acid N-oxide, it follows that a significantly stronger hydrogen bond is created within the picolinic acid N-oxide molecule presented in Fig. 5 :
CONCLUSION
The solvatochromic structure-reactivity study of the reactions of the three isomeric pyridine mono-carboxylic acid N-oxides with DDM in thirty two solvents, both protic and aprotic, showed that there are several possible modes of interactions with the solvents, both in the initial and transition states, due to the structural characteristics of the investigated acids.
In a previous investigation of the kinetics of the reaction of pyridine and pyridine N-oxide carboxylic acids with DDM in ethanol, 20 it was established that the reactivity of the carboxylic group is highly dependent on its position with respect to the nitrogen and the N-oxide group. This is also true, as established here, for the studied N-oxide acids, where the order of reactivity is the same: nicotinic>isonicotinic>picolinic in all the employed solvents.
The specific features of the structure of the N-oxide acids in comparison to the pyridine carboxylic acids, investigated in the Part I of the series, 1 are the highly polarizable N-oxide group and the strong intramolecular hydrogen bond between the carboxylic and N-oxide groups in picolinic acid N-oxide. As could be seen from the discussion section, the solvent effects are complicated, which is evident from the magnitudes and signs of the coefficients in the corresponding equations and their percent contributions. The most prominent electronic effect which orders the reactivity in the pyridine N-oxide nucleus is the positive resonance effect, which operates together with negative inductive and resonance effects. These effects, together with the polar active sites created in the process of breaking the hydrogen bond in picolinic acid N-oxide, produce a complicated pattern of solvent effects in the investigated acids.
The results of the present investigations show that those diverse solvent effects could be generally quantified by the use of the Kamlet-Taft equation, although a quantitative separation of these solvent effects applying mathematical treatment, into individual contributions to the transition and initial states was not completely possible, due to the diversity of the polar groups and their position in the studied molecules. Konstante brzina reakcije izme|u diazodifenilmetana i izomernih piridin-N-oksidkarbonskih kiselina odre|ene u trideset dva proti~na i aproti~na rastvara~a na 30 ºC, kori{}ewem poznate UV spektrofotometrijske metode, analizirane su u funkciji efekata rastvara~a. Vrednosti konstanti brzina su generalno ve}e za piridin-N-oksid-karbonske kiseline u odnosu na piridin-monokarbonske kiseline, izuzev piko-lin-N-oksid-kiseline, a tako|e vrednosti konstanti brzina su ve}e u proti~nim rastvara~ima u pore|ewu sa aproti~nim za obe serije kiselina. Odre|ene konstante brzina su korelisane sa parametrima rastvara~a kori{}ewem Kamlet-Taft solvatohromne jedna~ine izvedene metodom vi{estruke regresione analize. Znak koeficijenata u dobijenim korelacijama je u saglasnosti sa pretpostavqenim reakcionim mehanizmom. Uticaj rastvara~a na vrednosti reakcionih konstanti je diskutovan na osnovu dobijenih korelacionih rezultata, uzimaju}i u obzir specifi~nu strukturu piridin-N-oksid-monokarbonskih kiselina. 
